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Copper is required within the mitochondrion for the function of two metalloenzymes, cytochrome c oxidase (CcO) and superoxide dismutase
(Sod1). Copper metallation of these two enzymes occurs within the mitochondrial intermembrane space and is mediated by metallochaperone
proteins. Cox17 is a key copper donor to two accessory proteins, Sco1 and Cox11, to form the two copper centers in the mature CcO complex.
Ccs1 is the necessary metallochaperone for the copper metallation of Sod1 in the IMS as well as within the cytoplasm where the bulk of Sod1
resides. Copper ions used in the metallation of CcO and Sod1 appear to be provided by a novel copper pool within the mitochondrial matrix. This
review documents copper ion shuttling within the mitochondrion and the proteins that mediate assembly of active CcO and Sod1.
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The mitochondrion is a cellular organelle consisting of a
continuous reticulum that makes up nearly 10% of the cell
volume in respiring yeast cells. A double membrane creating
two internal volumes encloses the organelle [1]. The space
between the two membranes is called the intermembrane space
(IMS) and is interrupted by junction points in which the inner
membrane (IM) and outer membrane (OM) are in contact. The
volume enclosed within the IM is known as the matrix
compartment. In cells with high respiration rates, the IM is
convoluted; folding into tubular structures designated cristae
that are enriched in the enzyme complexes involved in oxidative
phosphorylation. The cristae tubules are 30–40 nm in diameter
but narrow to about 28 nm at junction points with the boundary
IM [1]. The mitochondrial reticulum is highly dynamic,
constantly changing size and shape through fission and fusion
events [2].
The mitochondrion contains its own genome. Normal yeast
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varying depending on growth conditions [3]. The nucleoids
containing mitochondrial DNA are not uniformly distributed in
the tubular network of the organelle. The number of gene
products encoded by the mitochondrial genome varies between
species. The human mitochondrial genome encodes 13 known
polypeptides of the human electron transfer/oxidative phos-
phorylation pathway, 22 tRNA species and 2 rRNAs [4]. In
contrast, the yeast mitochondrial genome encodes only
8 proteins of the respiratory chain in addition to 24 tRNAs
and 2 rRNAs [5]. Three of the mitochondrially-encoded
proteins in humans and yeast are subunits of the copper-
containing enzyme cytochrome c oxidase (CcO) that is the
terminal respiratory complex (complex IV).
One major function of the mitochondrion is the generation of
ATP through respiratory reduction of oxygen to water and
oxidation of NADH and FADH2. Three respiratory complexes
funnel electrons obtained from the oxidation of NADH and
FADH2 to CcO for reduction of oxygen. Electron transfer is
coupled to proton pumping across the inner membrane resulting
in a proton gradient that is used to drive ATP synthesis by the
ATP synthase complex. Consistent with its major role in ATP
synthesis, the mitochondrial network often localizes near
structures that consume large quantities of ATP.
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function, but only CcO requires copper for function. Besides
CcO, the only other known copper metalloenzyme within the
mitochondrion is Cu,Zn-superoxide dismutase (Sod1) that is
localized within the IMS. Approximately 1–5% of total yeast
Sod1 is localized within the IMS with the remainder in the
cytoplasm [6]. The copper-binding subunits of CcO are encoded
by the mitochondrial genome, so copper metallation must occur
within the organelle. Mitochondrial Sod1 is imported in the apo-
configuration, so its metallation must likewise occur within the
IMS [7]. The presence of two copper metalloenzymes that are
metallated within the mitochondrion necessitates a specific
copper transport pathway to this organelle. This review will
focus on copper delivery to the mitochondrion and pathways for
copper ion insertion into CcO and Sod1. The significance of this
topic is underscored by inherited deficiencies in CcO in humans
with mutations in copper assembly proteins.
2. Copper ion shuttling to the mitochondrion
Copper ions enter S. cerevisiae as Cu(I) through a
combination of high affinity and low affinity permeases [8].
The high affinity uptake system consists of two permeases, Ctr1
and Ctr3, as well as the Fre1 metalloreductase. Low affinity
copper uptake occurs through Fet4 and Smf1 permeases. OnceFig. 1. Copper homeostasis in Saccharomyces cerevisiae. Copper enters the cell via ei
is distributed to copper-requiring enzymes by metallochaperones. Atx1 delivers Cu(
Golgi into the multi-copper oxidase Fet3 required for high affinity iron uptake. Ccs1
formation of an essential disulfide bond in Sod1. Copper is also required in the mitoch
CcO and Sod1. Copper can be detoxified by the metallothioneins (Cup1, Crs5) an
membrane, OM=Outer mitochondrial membrane, IM=inner mitochondrial membrain the cells, Cu(I) ions are transported to sites of utilization by
two known soluble Cu(I)-binding metallochaperones, Atx1 and
Ccs1 [9] (Fig. 1). The Atx1 metallochaperone shuttles Cu(I) to
the Ccc2 P-type ATPase transporter localized in post-Golgi
vesicles [10]. The human Atx1 ortholog, Atox1, transports Cu
ions to the homologous Menkes and Wilson P-type ATPases
[11]. The ATPases translocate Cu(I) ions into the lumen of
secretory vesicles for incorporation into secretory copper
metalloenzymes such as the Fet3 and ceruloplasmin Cu
oxidases in yeast and animal cells, respectively.
Ccs1 provides Cu(I) for activation of Sod1 in both the yeast
cytoplasm and IMS [12]. In addition to its role in Cu(I) delivery,
Ccs1 also catalyzes formation of an essential disulfide bond in
Sod1 [13]. Yeast lacking Ccs1 fail to activate Sod1 and its levels
within the IMS are diminished [7]. A Ccs1-bypass mechanism
exists in mammalian cells as partially active Sod1 is present in
mice lacking Ccs1 [14]. Cu(I) delivery from Ccs1 and Atx1 to
target proteins occurs via ligand exchange reactions within a
heteroprotein complex [12]. Ccs1 contains a central domain that
adopts a β barrel conformation, analogous to Sod1, and this
domain acts as an interface for their heterodimerization [15].
Likewise, Atx1 binds a single Cu(I) ion within a domain that is
structurally conserved in the Atx1-docking domains of the Cu(I)
transporting ATPases [16]. This structural motif consists of a
four-stranded antiparallel β sheet covered by two α helices.ther high affinity (Ctr1/3) or low affinity transporter (Fet4/Smf1) transporters and
I) to the P-type ATPase Ccc2 for the subsequent incorporation within the trans-
acts as a copper chaperone for Sod1 making copper available and catalyzing the
ondrial inter-membrane space (IMS) for the insertion into the respiratory enzyme
d excess copper is also transported into the vacuole (not shown). PM=plasma
ne.
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a candidate for a mitochondrial metallochaperone providing
copper for all mitochondrial functions. However, yeast lacking
Ccs1 retain wild type CcO activity and mitochondrial copper
levels [17]. Similarly, cells lacking Atx1 have no mitochondrial
dysfunction when supplemented with iron salts to overcome the
known iron deficiency of null cells. The metallochaperone
paradigm predicts that translocation of Cu(I) into the mito-
chondrion is mediated by another metallochaperone. Metallo-
chaperone-mediated shuttling of copper to the mitochondrion
may be significant as the free copper ion concentration in the
cytoplasm is undetectable [18]. A second prediction is that
copper metallation of CcO involves Cu(I) donation to target
proteins through protein:protein interactions perhaps involving
structurally related domains.
Initially, the most obvious candidate for delivery of copper
to the mitochondrion was the 69-residue Cox17 protein. Cox17
exists in both the cytoplasm and mitochondrial IMS [19] and
yeast lacking Cox17 are respiratory-deficient due to a complete
lack of CcO activity [20]. Both mutant phenotypes are
suppressed by the addition of 0.4% copper salts to the growth
medium. The observed copper ion suppression of cox17Δ
yeast was consistent with Cox17 functioning in copper
delivery to CcO. The simple prediction was that Cox17
would shuttle Cu(I) into the IMS for use in the assembly of
CcO. This theory was strengthened by the observation that
Cox17 is a copper-binding protein [21]. Cox17 binds Cu(I) in
one conformer consisting of a simple helical hairpin structure
stabilized by two disulfides (Fig. 2). This Cu(I) conformer is a
monomeric species that may be sufficiently narrow to be
extruded intact through the 22 Å pore channel of the TOM
complex, the translocon through which most proteins are
imported into the organelle. However, tethering Cox17 to the
mitochondrial IM by a heterologous IM membrane-binding
domain resulted in its exclusive localization within the
organelle, and the chimeric protein reversed the respiratory
defect of cox17Δ cells and restored normal CcO activity [22].
In addition, cox17Δ cells contain wild-type levels of copper in
the mitochondrion. Thus, Cox17 cannot be an obligate
mitochondrial copper metallochaperone.
Two additional small Cox17-like proteins were identified
that are relevant to CcO assembly in yeast. Cox19 and Cox23
resemble Cox17 in the spacing of four cysteinyl residues thatFig. 2. Solution structure of Cox17. NMR structure of monomeric Cox17 is
shown in ribbon format [60,61]. Cysteine residues involved in the disulfide bond
formation and Cu(I)-binding to this conformer are shown in red.form the two disulfide bonds in apo-Cox17 [23]. The helical
hairpin conformation, designated the twin Cx9C structural
motif, seen in Cox17 is therefore likely conserved in both
Cox19 and Cox23. Like Cox17, Cox19 exhibits dual
localization in the cytoplasm and IMS, but the presence of
Cox19 in the cytoplasm is only apparent upon overexpression
of the protein [23]. Cox19 is a Cu(I) binding protein when
studied as a recombinant protein and Cu(I) coordination
involves thiolate ligands, although the coordinating cysteines
have not been identified (K. Rigby, unpublished observation).
Cox19 is a stable dimer, making it less likely to enter the
TOM complex as a folded protein ferrying copper cargo. Yeast
cells lacking Cox19 are respiratory deficient, but this
phenotype is not reversed by the addition of exogenous
copper salts. Since cox19Δ cells retain wild-type levels of
mitochondrial copper, Cox19 cannot be the obligate mito-
chondrial copper metallochaperone. Consistent with this
postulate is the observation that respiratory defect of cox19Δ
cells is reversed by tethering Cox19 to the IM through the
transmembrane domain of Sco2 (K. Rigby, unpublished
observation). The tethering studies show that the function of
Cox19 in CcO assembly is confined to the IMS. Since Cox17
and Cox19 do not participate in Cu(I) shuttling to the
mitochondria, each protein must have a distinct role within the
IMS as phenotypes exist in cells lacking either protein and
phenotypic suppression in a given background is not observed
upon overexpression of the reciprocal protein.
Cox23 has a similar twin Cx9C motif and also shows a dual
localization in the cytoplasm and IMS [24]. Cox23-deficient
yeast fail to propagate on non-fermentable carbon sources, but
this phenotype can be suppressed by exogenous copper when
COX17 is overexpressed. However, mitochondria of Cox23D
cells retain wild-type levels of copper (unpublished observa-
tion) arguing that the copper suppressible lack of CcO activity
likely results from a defect in a particular step of CcO assembly
rather than from a global mitochondrial copper deficiency.
The search for a mitochondrial metallochaperone was
detoured by the observation that only a small fraction of
mitochondrial copper is associated with CcO and Sod1. The
bulk of the total mitochondrial copper is in fact localized within
the matrix in a soluble, low molecular weight complex [17].
Addition of copper salts to the growth medium leads to an
increase in mitochondrial copper content, yet the expansion of
this matrix pool does not have any deleterious effects. The
complex contains Cu(I), is resistant to proteinase K or trypsin
digestion, is anionic and fractionates in a monodisperse fraction
on reverse phase HPLC [17]. The ligand is fluorescent with an
emission maximum near 360 nm (P. Cobine, unpublished
observation). Emission is quenched by Cu(I), but not by Zn(II)
or Fe(II). Mitochondria recovered from copper-supplemented
cells contain an expanded pool of the same Cu(I), fluorescent
ligand within the matrix. The ligand is, therefore, not limiting.
The matrix copper complex in yeast is accessible to a
heterologous cuproenzyme. Localization of human Sod1 within
the mitochondrial matrix where Sod2 is localized results in
suppression of growth defects of sod2Δ cells [17]. The matrix
copper ligand is conserved in mouse liver. The mouse and yeast
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properties (P. Cobine, unpublished observation).
One attractive postulate is that the Cu(I) complex is
translocated from the mitochondrial matrix for subsequent use
in CcO and Sod1 metallation (Fig. 3). The translocation
across the IM would, however, necessitate a transporter. It is
unlikely a P-type ATPase is the transporter as no mitochon-
drial copper P-type ATPase is confirmed. An alternate spliced
form of the Wilson's P-type ATPase was reported to be
localized to the mitochondrion, but no functional studies have
appeared [25].
3. Introduction to cytochrome c oxidase
CcO is the terminal enzyme of the energy transducing
respiratory chain in mitochondria of eukaryotes and certain
prokaryotes. The eukaryotic enzyme catalyzes the reduction of
molecular oxygen and couples this reduction with proton
translocation across the IM. It consists of 12–13 subunits, with
the three subunits (Cox1–Cox3) that form the core enzyme
being encoded by the mitochondrial genome (Fig. 4). The
remaining subunits are encoded by the nuclear genome and
consist of small polypeptides (ranging from 6 to 15 kDa) that
surround the catalytic core [26] (Fig. 5). Several of these small
subunits consist merely of a single helix spanning the IM. Only
a subset of the peripheral subunits show sequence similarity
between animals and yeast. However, many of these subunits
are functionally important, since deletion of genes for some ofFig. 3. Copper sorting and delivery within the mitochondrial IMS. The mitochondrio
pathway that consists of Cox17 and the co-chaperones, Sco1 and Cox11. Cox17 del
Sco1 for insertion into the CuA site of Cox2. Copper is provided for Sod1 by Ccs1. Th
bulk of mitochondrial copper is localized to the matrix compartment where it is boun
unknown transporter that mediates delivery of copper to the IMS.the small peripheral subunits in yeast results in a respiratory-
deficient phenotype [27]. The enzyme is embedded within the
IM with a portion of the molecule protruding into the IMS
(37 Å) and a separate portion extending into the matrix (32 Å)
[28]. The complex exists as a larger dimeric unit [29] and can
form a supramolecular complex within the IM with the bc1
cytochrome c reductase (complex III) [30].
The catalytic cofactors in CcO include copper and heme [26]
(Fig. 4). CcO contains two heme a moieties that differ from
protohemes in that a hydroxyethylfarnesyl group replaces a
vinyl moiety and a pyrrole methyl substituent is oxidized to a
formyl group (Fig. 4). One heme a group is a six coordinate
heme lacking the ability to bind ligands and is functional in
electron transfer. The second heme a, designated heme a3, is a
five coordinate heme with an open coordination site where
oxygen binds. Heme a3 interacts with a mononuclear copper site
forming a heterobimetallic site in subunit 1 (Cox1). This metal
center, designated heme a3-CuB, is buried 13 Å below the
membrane surface. In addition to the copper ion present in the
CuB site, two additional copper ions exist in a cysteine-bridged,
binuclear, mixed valent center, designated CuA, located in Cox2
(Fig. 6). The CuA site in Cox2 is formed within a ten-stranded
β-barrel and two cysteine residues within a CxxxC motif bridge
the two Cu ions. The domain of Cox2 containing the CuA site
protrudes into the IMS with the CuA site 8 Å above the
membrane surface.
Additional cofactors are associated with CcO but their
functional significance is unclear (Fig. 4). CcO contains an has at least two major cuproenzymes, CcO and Sod1. CcO is metallated by a
ivers copper to Cox11 for subsequent insertion into the CuB site in Cox1 and to
e activity and stability of Sod1 in the IMS is completely dependent on Ccs1. The
d by a ligand. This pool of copper is likely accessed by Cox17 and Ccs1 via an
Fig. 4. Crystal structure of CcO. The structure of the CcO from bovine is shown in ribbon format [26]. The mitochondrial-encoded subunits that make up the catalytic
core of the enzyme are shown in blue (Cox1), red (Cox2) and yellow (Cox3). The nuclear encoded peripheral subunits are also shown. The cofactors: CuA, CuB, heme
a, heme a3 and Zn cofactor are shown in space in the same orientation as the ribbon diagram.
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close to the propionate groups of heme a3 [26]. Coordination of
Mg(II) involves one ligand whose carbonyl oxygen is also a
ligand to the binuclear CuA site. Cox1 binds a single Na(I) ion in
a site that can also be occupied by Ca(II). Eukaryotic CcO has a
bound Zn(II) ion in one of the nuclear-encoded subunits (Cox5b
in bovine, Cox4 in yeast). The accepted nomenclature of
subunits of CcO in yeast and mammals is unfortunately
different. This subunit along with subunit 5a (Cox 6 in yeast)
is localized on the matrix side of the IM. The phospholipid
cardiolipin is bound to the purified CcO [31]. Removal of this
lipid results in dissociation of two subunits (6a and 6b) thatFig. 5. Nuclear encoded peripheral subunits of CcO. The small subunitconstitute the bulk of the dimeric interface. Cardiolipin is also
necessary for formation of the supracomplex with the bc1
complex [32].
4. Assembly of CcO
Assembly of CcO requires a myriad of steps including the
assembly of subunits translated on cytoplasmic and mitochon-
drial ribosomes, modification of protoheme to heme a and the
delivery and subsequent insertion of this moiety, along with
that of copper, zinc and magnesium ions, into the nascent
enzyme complex [33,34]. The assembly process requires overs that surround the catalytic core are shown in ribbon format [26].
Fig. 6. Structure of Cox2 from CcO. The ribbon structure shows the globular
domain of Cox2 that contains the binuclear CuA site (enlarged adjacent with the
bridging cysteinyl sulfur shown in spacefill) that projects into the IMS and the
helical hairpin which anchors the protein in the IM.
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sequential order of subassembly intermediates in mammalian
tissues.
Subunits translated on cytoplasmic ribosomes are imported
as precursor polypeptides through the TOM complex [37]. N-
terminal mitochondrial target sequences direct these polypep-
tides to the TOM/TIM import pathway. The OM translocation
step occurs through the Tom40 channel that is only 22 Å wide
[37]. The pore diameter is thus too small to accommodate
protein complexes or folded proteins. Protein import can also
occur co-translationally from ribosomes attached to the outer
mitochondrial surface at sites in which the IM and OM form a
contact. Many CcO assembly factors including Cox10, Cox11,
Cox15, Cox19 and Cox23 are translated on polysomes attached
to the OM [38]. A stem–loop motif in the 3′ UTR of transcripts
is important for ribosomal attachment [39]. In contrast,
transcripts encoding the small hydrophobic peripheral subunits
of CcO are translated on free polysomes rather than mitochond-
rially associated polysomes [38].
Information is lacking on whether the nuclear-encoded
subunits are imported through the TIM complex prior to CcO
assembly or whether some are assembled from the IMS side of
the IM. At least some of these subunits can form a complex
independent of the core CcO subunits. These include yeast
Cox4, Cox5a, Cox6 and Cox9 [40]. Since yeast Cox4 and Cox6
are extramembrane proteins facing the matrix based on the
crystal structure of CcO, these two subunits are likely
assembled from the matrix side of the IM.
Translation of mitochondrially-encoded subunits occurs
within the matrix on ribosomes associated with the inner leaflet
of the IM. Polycistronic precursor RNAs for COX1–COX3 are
initially cleaved to generate the mature transcripts. The RNA
processing steps require a number of distinct proteins [41]. The
transcripts for COX1–COX3 are recruited to the IM in yeast by a
series of IM translational activators [42]. These proteins bind
sequences in the 5′ untranslated regions of the mRNA and may
function in the recruitment and positioning of ribosomes on the
transcript [43]. Translation of the COX1 transcript is activated
by Pet309 [44], the COX2 transcript by Pet111 [45], and the
COX3 transcript by Pet54, Pet122 and Pet494 [46]. If
translation of mammalian COX1–COX3 transcripts requirestranslational activators, the mechanism will differ from that in
yeast as mammalian transcripts lack similar 5′ UTR structures.
Insertion of Cox1–Cox3 in the IM requires translocation of
polypeptide segments across the IM by two conserved
translocases, Oxa1 and Cox18 [47–50]. Yeast Cox2 is
synthesized as a precursor protein with an extension of 15
residues at the N-terminus. Upon translocation of the N-
terminal segment of Cox2 by Oxa1, the precursor segment is
cleaved by the Imp1/Imp2 protease within the IMS. This
cleavage is dependent on the presence of Cox20 [51]. In
mammals, Cox2 is not synthesized as a precursor, yet a Cox20
homolog exists in the human genome [52]. This argues that
Cox20 may have a role independent of presenting Cox2 for
proteolytic processing.
The assembly of CcO in mammalian cells appears to occur in
an ordered sequence and assembly intermediates have been
identified. Subassembly intermediates consisting of Cox1,
Cox5 and Cox6 (yeast nomenclature) accumulate in human
cells from patients carrying mutations in a number of assembly
factors including Sco1 and Surf1 [53]. Subunits 5 and 6 are
known to directly interact with Cox1 (Fig. 7). Cox5 has a single
TM that packs against Cox1, while Cox6 caps the matrix side of
Cox1. This intermediate is believed to accumulate when
insertion of Cox2 is blocked [54]. Cells from a patient with a
frameshift mutation in COX3 revealed a subassembly complex
of subunits 1, 2, 5 and 6 [54]. Thus, the prediction is that Cox1
associates with Cox5 and Cox6 prior to insertion of Cox2. In
yeast, subassembly complexes are not easily observed as
unassembled CcO species undergo rapid turnover [55].
Recently, a yeast subassembly complex consisting of Cox1,
Cox3, Cox5 and Cox6 was identified in mutant cox2 cells [55].
Cytochrome c has a structural role in CcO assembly in
addition to its well-known role in mediating electron transfer
between complexes III and IV [56]. The mature cytochrome c
containing the covalently bound heme is essential for promoting
CcO assembly, but the protein does not need to be competent for
electron transfer. The role of cytochrome c in the assembly
process remains unclear.
The various cofactors are likely inserted prior to final
assembly of the CcO complex. The biogenesis of heme A is
catalyzed by two successive enzymes Cox10 and Cox15 that
carry out the farnesylation and oxidation, respectively [36]. Both
enzymes are intrinsic IM proteins. Heme A is likely inserted in
Cox1 or the Cox1 subassembly complex. If the Cox1, Cox5,
Cox6 subunits in the subcomplex exhibit the same structure as in
the final CcO holoenzyme, an open channel exists in Cox1 from
the IMS side of the IM for insertion of the hememoieties (Fig. 7).
It is therefore conceivable that heme a/a3 may be inserted from
the IMS side. The Cox15 mono-oxygenase requires the matrix
Yah1 ferredoxin and Arh1 ferredoxin reductase [57], so it is not
clear whether heme a or heme o is extruded to the IMS for
insertion into Cox1. The insertion reaction may require Shy1
(Surf1) because Rhodobacter lacking Shy1 have a defect in
heme a3 insertion [58].
Copper insertion is required in the maturation of both Cox1
and Cox2. A number of accessory factors are known to be
important in the copper metallation of CcO. These include
Fig. 7. Proposed channel in subassembly intermediate for insertion of heme a. The subassembly complex of CcO consisting of subunits 1, 5 and 6 are shown in ribbon
format. Side and top view illustrate a channel into which a heme a moiety may be inserted. This channel is subsequently capped in the final structure by subunit 2.
765P.A. Cobine et al. / Biochimica et Biophysica Acta 1763 (2006) 759–772Cox11, Cox17, Cox19, Cox23, Sco1 and Sco2 (Sco2 is not
required in yeast). CuB site formation likely occurs in Cox1
concurrent with heme A insertion or prior to addition of Cox2 to
the subassembly. It isn't clear whether CuA site formation in
Cox2 occurs prior to addition to the Cox1, Cox5, Cox6
subcomplex or subsequently. The role of each accessory factor
in copper ion metallation of CcO will be discussed later.
Nothing is known about the mechanism of Zn(II) and Na(I)
insertion and cardiolipin association. The Zn-binding subunit
Cox4 is imported into the matrix. Since TIM import occurs as
unfolded proteins, Zn(II) metallation must occur within the
matrix. The source of matrix Zn(II) used in formation of
ZnCox4 is unknown.
5. Protein-mediated copper insertion into CcO
Copper insertion into nascent Cox1 and Cox2 chains is likely
to occur from the IMS as all the copper donor molecules are
localized within this mitochondrial compartment. Cox11 and
Sco1 are co-metallochaperones assisting Cox17 in the metalla-
tion of CcO (Fig. 8).
Cox17 is a key copper metallochaperone within the IMS
acting as the donor of Cu(I) to both Sco1 and Cox11 in yeast
[59]. While Cox17 does not form a stable interaction with either
Sco1 or Cox11, copper transfer studies using the C57Y Cox17
mutant suggest that the wild-type protein uses distinct interfaces
to transfer Cu(I) to each target protein [59]. Cox17 forms two
distinct Cu(I) conformers. One Cu(I) conformer consists of a
single Cu(I) coordinated to a monomeric protein stabilized by
two disulfide bonds [60,61]. A second Cu(I) conformer is anoligomeric protein complex coordinating a polycopper–thiolate
cluster [21]. The tetracopper cluster would necessitate a number
of cysteine residues being in the reduced thiolate state. Three of
the six conserved cysteines are present in a C23CxC26 sequence
motif. Only those three cysteines are essential for in vivo
function [62]. A mutant form of Cox17 lacking the remaining
three conserved cysteines is functional suggesting that Cox17 is
functional without either of the two disulfides in the twin Cx9C
structural motif. The single copper is digonally coordinated by
Cys23 and Cys26, yet the polycopper cluster requires at a
minimum the three essential cysteines. Coordination of a single
Cu(I) ion in Cox17 requires isomerization of the disulfides such
that one disulfide consisting of Cys26/Cys57 is converted to a
Cys24/Cys57 disulfide prior to Cu(I) binding [61] (Fig. 2). The
essentiality of Cys24 is unrelated to the Cys24/Cys57 disulfide as
Cys57 can be replaced with Ser without compromising Cox17
function.
Sco1 was first implicated in copper delivery to CcO by the
observation that the respiratory deficient phenotype of a
cox17-1 yeast mutant was suppressed by overexpression of
SCO1 or a related gene designated SCO2 [63]. Sco1 and Sco2
are highly similar proteins tethered to the IM by a single
transmembrane helix [64]. Cells lacking Sco1 are respiratory
deficient and are devoid of CcO activity, sco2Δ cells lack an
obvious phenotype associated with respiration [63]. Cox2
protein levels are markedly reduced in sco1Δ cells and absent
in sco1Δ,sco2Δ double null cells [65]. The function of Sco1
is dependent on its single transmembrane helix since targeting
of Sco1 to the mitochondrial matrix or to the IMS as a
soluble protein yields a nonfunctional protein [66]. Sco1 is
Fig. 8. Structural representation of the copper-delivery pathway. The crystal structure of Cox1, Cox2 and Sco1 are shown with the solution structures of Cox17 and
Cox11. Arrows depict the copper transfer from Cox17 to Cox11 and Sco1 and onto Cox1 and Cox2 respectively. Only the structures of soluble IMS-projective
domains of Sco1 and Cox11 have been solved.
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as yeast Sco1 interacts with Cox2 [67].
Sco1 has a globular domain that protrudes into the IMS (Fig.
8). The globular domain possesses a thioredoxin fold consisting
of a central four stranded β sheet covered with flanking helices
[68,69]. Two notable features of Sco proteins are a conserved pair
of cysteinyl residues within a CxxxC motif and a conserved
histidyl residue. These residues are spatially close in the apo-Sco1
structure in a solvent-exposed pocket (Fig. 9). Sco1 is capable of
binding a single Cu(I) ion and X-ray absorption spectroscopyFig. 9. Crystal structure of Sco1. The structure of human Sco1 is shown in
ribbon format [69]. Sco1 adopts a peroxiredoxin like fold with the copper
coordinating cysteine and histidine residues exposed on the surface (displayed
as sticks). The spacefill model shows the exposed copper-binding motif.suggests that the Cu(I) is ligated via two sulfur donors and a
nitrogen [70].Mutation of the Cys residues or His abrogates Cu(I)
binding and leads to a non-functional CcO complex [70,71].
Thus, the in vivo function of Sco1 correlates with Cu(I) binding.
These observations are consistent with the postulate that Sco1
mediates Cu(I) transfer from Cox17 to Cox2. The structure
predicts that the single Cu(I) ion coordinated to Sco1 is solvent-
exposed and poised for a ligand exchange transfer reaction. In
addition to binding Cu(I), Sco proteins bind Cu(II) [72]. The Cu
(II) site has a higher coordination number than the three-
coordinate Cu(I) site [73]. Replacement of Asp238 in yeast Sco1
abrogated Cu(II) coordination and led to a nonfunctional protein
[72]. These data suggest that both Cu(I) and Cu(II) binding are
critical for normal Sco1 function. Yeast Sco2 is also capable of
binding Cu(I) and Cu(II) (P. Cobine, unpublished observation),
consistent with its ability to confer glycerol growth to cox17-1
cells when overexpressed [63]. However, a physiological role for
Sco2 in yeast remains unresolved.
Human cells have two Sco molecules and both are required
for viability. Mutations in either hSCO1 or hSCO2 lead to
decreased CcO activity and early death. Patients with mutations
in SCO2 have a clinical presentation distinct from that of SCO1
patients [74]. SCO2 patients present with neonatal encephalo-
cardiomyopathy, whereas SCO1 patients exhibit neonatal
hepatic failure. The distinctive clinical presentation is not a
result of tissue-specific expression of the two genes, as SCO1
and SCO2 are ubiquitously expressed and exhibit a similar
expression pattern in different human tissues. Studies with
immortalized fibroblasts from SCO1 and SCO2 patients suggest
that Sco1 and Sco2 have non-overlapping but cooperative
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that the CcO assembly pathway is blocked at a similar step in
both SCO1 and SCO2 patient cell lines and that overexpression
of either gene in the reciprocal patient cell line resulted in a
dominant-negative effect on CcO activity [75]. However, the
role of two distinct Sco molecules in CcO maturation in mam-
mals is unclear.
The missense mutations identified in SCO1 (P174L) and SCO2
patients (E140K and S240F) are located near the conserved CxxxC
and essential His residues, suggesting that the loss of function in
both proteins may relate to aberrant copper binding. This
postulate is supported by three observations. First, over-
expression of COX17 partially rescues the CcO deficiency of
SCO2 patient cells [75]. Second, the CcO deficiency in SCO1 and
SCO2 patient cell lines is partially suppressed by the addition of
exogenous copper to the culture medium [76]. Finally, both
human Sco1 and Sco2 are copper-binding proteins and their
function has been shown to be dependent on Cu(I) and Cu(II)
binding [72]. Human Sco1 and Sco2 may function as a unit to
transfer two copper equivalents to form the CuA site in a single
step. Although the soluble domains of each pure protein exist as
monomers, the full-length proteins are homo-oligomers in vivo
and are tethered to the IM by a transmembrane helix [66,75]. The
observed dominant negative effects mentioned above are
consistent with a Sco1/Sco2 physiological interaction. It is
conceivable that a Sco1/Sco2 complex may induce one protein to
catalyze the oxidation of a Cu(I) to Cu(II) enabling the complex to
simultaneously transfer both Cu(I) and Cu(II). Alternatively, an
additional assembly factor may be required for Cu(I) oxidation.
The Cu(I) ions transferred from Cox17 to Sco1 appear to be
subsequently donated to Cox2. The transfer to Cox2 likely
occurs prior to assembly of the CcO complex. The Sco1-
mediated metallation of Cox2 probably occurs after extrusion of
the Cox2 soluble domain into the IMS by Cox18 and processing
by Imp1/2. Processing of Cox2 is independent of Cu-metallation
as Imp1/2 cleaves the Cox2 precursor in Sco1 null cells [51]. The
entire pool of Cox2 is associated with Cox20 in yeast cells
lacking the Cox4 subunit [51]; however, it isn't known whether
the CuA site is formed in this complex. Moreover, it is not clear
whether the pair of cysteine residues in Cox20 that project into
the IMS exist in a stable disulfide, and whether they have a role
in thiol ligand exchange reactions mediating transfer of Cu(I)
from Sco1 to Cox2. The transfer probably occurs during a
transient physical interaction between Sco1 and Cox2, as is
known to be the case for the other copper metallochaperones.
Since the CuA site is a mixed valent binuclear site, the question
arises as to whether both copper ions in the CuA site are derived
from Sco1 via Cox17. As mentioned previously, Sco1 can bind
either Cu(I) or Cu(II). One scenario is that Sco proteins transfer
both a Cu(I) and Cu(II) ion to form the mixed valent CuA site.
Alternatively, two successive Cu(I) transfers yield a reduced
CuA site that can be converted to the oxidized, mixed valent site
through electron transfer within the assembly complex.
Two other functions have been postulated for Sco proteins.
First, Sco1 was suggested to function as a redox switch, in
which oxidation of Cu(I) to Cu(II) induces release of the Cu(II)
ion thereby permitting the two thiolates to participate in aperoxidase reaction [69]. Since Cu(II) is stably bound by Sco1,
a role for Sco proteins as peroxidases is not compelling. Second,
the structural resemblance of Sco1 to peroxiredoxins and
thioredoxins raised the possibility that Sco proteins may
function as a thiol:disulfide oxidoreductase to maintain the
CuA site cysteines in the reduced state ready for metallation. A
thiol:disulfide oxidoreductase function must exist within the
IMS as numerous proteins in this mitochondrial compartment
have disulfide bonds. However, no compelling evidence
suggests that Sco1 fulfills that function.
Sco proteins also exist in bacteria. Lack of BsSco (YpmQ) in
Bacillus subtilis results in CcO deficiency. Although this
condition can be suppressed by exogenous copper salts [77], the
specific role of BsSco in CcO assembly is unclear. BcSco is a
Cu(I) and Cu(II) binding protein and Cu(I) binding appears to
require two cysteines and a histidine as with yeast Sco1 [73].
Bacillus also contains an aa3 quinol oxidase lacking a CuA site,
but BsSco has no role in metallation of the CuB site of the quinol
oxidase. In contrast, Rhodobacter capsulatus contains a Sco
protein, SenC, associated with activation of the cbb3-type
terminal oxidase. This oxidase is distinguished from the heme
a -type cytochrome oxidase in lacking the CuA site [78]. The
oxidase deficiency of senCΔ R. capsuslatus is reversed by the
addition of exogenous copper to the growth medium. Since
the only copper site in the cbb3 oxidase is the CuB site, one
prediction is that SenC functions in CuB site formation, unlike
the situation with Sco proteins in eukaryotic cells.
The effect of exogenous copper in reversing CcO deficiency in
bacterial cells lacking Sco proteins is also seen in human SCO1
and SCO2mutant cells as mentioned previously, but is not seen in
yeast lacking Sco1. The unresolved question is whether the
exogenous copper is able to directly metallate Cox2 in human
patient cells or whether other proteins are necessary for the
metallation. A bypass mechanism for metallation may exist for
Cox2. A similar situation exists for Sod1 that can be metallated in
cells lacking Ccs1 by an undefined bypass mechanism [14].
Copper metallation of the CuB site in Cox1 requires Cox11
[79]. S. cerevisiae lacking Cox11 have impaired CcO activity
and have lower levels of Cox1 [80]. The critical observation
suggesting a role for Cox11 in CuB site formation was the
demonstration that CcO isolated from Rhodobacter sphaeroides
cox11Δ cells lacked CuB but contained both hemes; however,
heme a3 exists within an altered environment [79]. The caa3
oxidase in R. sphaeroides also has a CuA site, but CuA site
formation is unaffected in cells lacking Cox11, although the Mg
(II) content was also low. Thus, the absence of Cox11 appears to
preclude CuB site formation without affecting delivery and
insertion of heme a and CuA moieties.
Cox11 has a single transmembrane helix just downstream of
the N-terminal mitochondrial targeting sequence. The C-
terminal domain protrudes into the IMS and, as with the soluble
C-terminal domain of Sco1, binds a single Cu(I) ion [81]. Three
conserved Cys residues are candidate ligands for the Cu(I) ion.
Mutation of these Cys residues reduces Cu(I) binding as well as
CcO activity. Thus, the residues important for Cu(I)-binding
correlate with in vivo function, suggesting that Cu(I)-binding is
important in Cox11 function [81]. The structure of the globular
Fig. 10. Solution structure of Cox11. The Cox11-homologue from Sinorhizo-
bium meliloti adopts an immunoglobulin-like β fold with the conserved copper-
binding cysteine residues on a flexible loop (shown by stick format) [82].
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adopts an immunoglobulin-like β fold [82] (Fig. 10). Cox11
dimerizes upon Cu(I) binding to form a binuclear Cu(I) thiolate
cluster at the dimer interface [81].
Cox11 from Schizosaccharomyces pombe exists as a fusion
protein with the partner protein being homologous to the S.
cerevisiae protein Rsm22 [83]. Rsm22 is a component of the
small subunit of mitochondrial ribosomes [84]. Consistent with
a role of Rsm22 in mitochondrial translation, cells lacking
Rsm22 are respiratory deficient. The presence of the Rsm22-
like domain at the N-terminus of the S. pombe Cox11 fusion
protein suggests that Cox11 may function to form the CuB site
in nascent Cox1 chains emerging from the mitochondrial
ribosomes. Consistent with this model, Khalimonchuk et al.
showed that a portion of Cox11 fractionated with mitochondrial
ribosomes and demonstrated a weak interaction with the
ribosomal protein MrpL36 [85]. However, domain mapping
of yeast Cox11 suggests that an interaction with a ribosomal
protein must be mediated by another protein, as the Cox11
matrix domain is non-essential. Cox11 may also be recruited to
the site of Cox1 synthesis by its interaction with IMS or TM
segments of the COX1 translational activator Pet309. The
protein translocase Oxa1 associates with the mitochondrial
ribosomes suggesting that insertion of Cox1 into the IM occurs
co-translationally [86]. Oxa1 is important but not indispensable
for Cox1 insertion within the IM [49].
Transfer of the Cox11 Cu(I) to the Cox1 CuB site buried 13 Å
below the membrane surface may occur in nascent Cox1 chains
extruded across the IM in a cotranslational process. Cox11
weakly interacts with the mitochondrial ribosome, so heme a3-
CuB site formation likely occurs co-translationally [85]. Cu(I)
insertion may occur in the individual Cox1 subunit or the
subcomplex containing Cox1, Cox4 and Cox5A. Heme a3 site
assembly requires Shy1 [58]. In the absence of Shy1, the Cox1,
Cox4 and Cox5A subcomplex accumulates in mammalian cellssuggesting that heme a3 insertion occurs in the subcomplex.
Heme a insertion in Cox1 appears independent of CuB site
formation, since CuB formation occurs in a shy1Δ strain of
Rhodobacter that fails to insert heme a3 [58]. Since the CuB site
is in a binuclear complex with heme a3, it is reasonable to
assume that CuB formation is concurrent with heme a3 insertion.
Cells lacking Cox10 fail to form the Cox1, Cox4, Cox5A
subcomplex suggesting that Cox10 may stabilize the subcom-
plex during heme a insertion.
6. Redox chemistry in the IMS
Import of Cox17, Cox19 and presumably Cox23 into the
IMS is dependent on an oxidative folding mechanism,
suggesting that these proteins exist at least transiently in the
oxidized state. As mentioned previously, these three proteins
contain a conserved twin Cx9C motif proteins. These
proteins are imported through the TOM complex by the
Mia40/Erv1 disulfide-relay process [87]. Mia40 and Erv1 are
localized within the IMS and mediate import of small,
cysteine-rich Tim proteins in addition to the three aforemen-
tioned Cox assembly proteins [88]. Erv1 catalyzes the
formation of disulfides in Mia40 that allow it to transiently
capture imported proteins containing reduced thiolates. Erv1
is a FAD-dependent sulfhydryl oxidase that is required not
only for Mia40 function but also for cytosolic Fe/S cluster
biogenesis [89]. The cysteinyl thiolates in Tim10 are
stabilized in the reduced state by Zn(II) binding [90,91].
Import of the Tim proteins into the IMS may be stimulated
by Zn(II) [92]. Zn(II) binding may also be important in
stabilizing the thiolates of Cox17, Cox19 and Cox23 during
the import reaction. The imported proteins form a transient
interchain disulfide with Mia40. Polypeptide release is
facilitated by disulfide exchange reactions resulting in
disulfides in the imported proteins. Electrons from the
oxidation reactions are shuttled to cytochrome c through
Erv1. Small Tim proteins are functional in the oxidized state,
but the redox state of Cox17, Cox19 and Cox23 is unknown.
Another Cx9C motif protein is the CcO subunit Cox12.
Cox12 exists on the IMS side of the IM and the four
cysteines are present in two disulfides [26]. If Cox17 exists
in a polycopper conformer within the IMS, reduction of the
cysteines would be required. The mechanism of cysteine
reduction in the IMS after the oxidative folding pathway is
unknown.
Mia40 also appears important for Sod1 import into the IMS
[87]. Depletion of Mia40 results in attenuated Sod1 levels in the
IMS. The role of Mia40 on Sod1 import may be indirect. Since
Sod1 accumulation in the IMS is dependent on Ccs1, Mia40
may exert its effect indirectly by modulating the import of Ccs1,
through cysteinyl residues in Ccs1. Disulfide bond formation in
Ccs1 may facilitate disulfide bond formation in Sod1 that is
essential for Sod1 activation. The Cu(I) ion necessary for Sod1
activation is inserted in Sod1 by CuCcs1 through heterodimer
formation. The unresolved question is whether the matrix
copper complex is the source of copper used by Ccs1 in the
metallation of Sod1 within the IMS.
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The identification of the matrix copper complex is central to
understanding the routing of copper to the mitochondrion. The
identification of the ligand may enable genetic manipulations to
deplete the ligand to substantiate its significance in the copper
metallation of CcO and perhaps Sod1. Overexpression of
heterologous Cu(I)-binding proteins in the yeast matrix cause a
respiratory growth defect that is suppressed by exogenous
copper salts (Cobine et al. manuscript in preparation). These
experiments are consistent with the postulate that the matrix
copper complex is used for the metallation of CcO within the
IMS. A transporter must exist to translocate either Cu(I) or the
Cu(I) complex to the IMS for subsequent use. The accessory
factors implicated in copper metallation of CcO are either
located as soluble proteins within the IMS or are IM proteins
with globular domains projecting into the IMS.
A ligand with properties resembling the matrix ligand exists
within the yeast and mouse liver cytoplasm. The cytoplasmic
ligand is predominantly in the metal-free state, whereas the
matrix pool is predominantly copper-associated. If the ligand is
translocated to the matrix from the cytoplasm, a novel IM
permease must exist as well as a transporter to direct Cu(I) to the
IMS from the matrix pool (Fig. 11).
Within the IMS, Cox17 appears to be the dominant
metallochaperone. The function of Cox19 and Cox23 remains toFig. 11. Copper delivery model in mitochondria. Genetic data suggest that copper
Competition experiments exploiting this suggest that matrix copper is the source of c
are required to facilitate the movement of copper across the mitochondrial inner mem
in the cytoplasm and the binding of copper may affect the net charge resulting in itsbe elucidated. The link between Cox17 and Sco1 appears
established, but the role of two Sco proteins in mammalian CcO
assembly needs clarification. If metallation of Cox1 and Cox2
occurs in a cotranslational process, the mechanism by which
Cox11 and perhaps Sco1 are coupled toCox1 andCox2 translation
remains to be elucidated. In addition to the physical pathway of
copper delivery and insertion into Cox1 and Cox2, questions
remain about regulation of CcO assembly. It is not known whether
checkpoints exist that monitor heme a biogenesis, copper
availability, or the availability of nuclear-encoded subunits.
Several key observations in the CcO assembly pathway emerged
from studies of patients with mutations yielding CcO deficiency.
To date, assembly defects are known to correspondwith mutations
in human genes for Cox10, Cox15, Surf1, LRPPRC (Pet309),
Sco1 and Sco2. As more cases of CcO deficiency appear,
additional insights into the assembly pathway may emerge.
Although Cox17, Cox19 and Cox23 appear to have their
predominant functional role within the IMS, they can also be
found in the cytoplasm. These proteins may have additional
roles in that compartment. Dual localization of proteins in the
mitochondrion and cytoplasm is well known. The matrix
aconitase has a distinct role apart from the Krebs cycle in the
yeast cytoplasm [93]. Cytosolic aconitase in yeast functions in
the glyoxylate cycle.
The site of assembly of CcO is likely the boundary IM.
Mitochondrial transcription and translation are coupled pro-in the matrix can be accessed by a heterologous copper-binding protein [17].
opper for Cox17 and Ccs1 mediated metallation of CcO and Sod1. Transporters
brane (IM). Biochemical data suggest that the ligand exists in an uncharged state
transport and retention into the matrix.
770 P.A. Cobine et al. / Biochimica et Biophysica Acta 1763 (2006) 759–772cesses [94]. CcO assembly may therefore occur at discrete
mitochondrial sites near nucleoids. Assembly on the boundary
membrane near TOM/TIM import translocation contacts sites
would permit coupling of import of the cytosolically synthesized
peripheral subunits to their association with the mitochondrially
synthesized core enzyme. The subsequent appearance of CcO
within cristae may arise from either translocation of preassem-
bled complexes through the crystal junction into cristae or
invagination of the boundary IM upon assembly.
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